Mendel's 1866 paper by William Bateson can be found on the internet (see Mendelweb). The concept of reproductive isolation as a hallmark of a biological species did not become popular until well into the 20th century (Mayr 1982, p. 270-275) . Mendel found that his intervarietal pea hybrids were phenotypically identical but did not breed true when self fertilized, segregating pure breeding parental types (homozygotes) as well as hybrids (heterozygotes) in the now familiar After Mendel found some principles of hybrid behavior in his pea varieties, he hoped to find the same regularities operative in other plant species. In his famous 1866 paper (published in The Proceedings of the Brünn Natural Science Society), Mendel also reported his interspecific hybridizations with another species of plant (beans, genus Phaseolus). He hybridized bean species differing in plant height and shape of ripe pods and found that they followed the same laws of development as Pisum. The colors of both flowers and unripe pods, however, seemed to be more complex. Crosses between plants with white flowers and plants with crimson blossoms produced hybrids with flowers less intensely crimson than the parental variety. The progeny of hybrids had flowers varying from crimson to pale violet and white. The unripe seed pods also had various shades of coloring from dark green to yellow. Because white flowered plants seemed to appear in about 1/16 of the progeny of hybrids (F 2 ), Mendel proposed that there were 2 color elements (genes) A 1 and A 2 that together in homozygotes contributed to crimson color. Plants with the recessive alleles a 1 and a 2 , when homozygous together, produced white flowers. Other gene combinations contributed to the range of colors between crimson and violet. Mendel seems to be the first to conceive of multiple factors for a single character.
The Hieracium Enigma
Mendel (living in Moravia, part of the Habsburg Monarchy) wrote 10 letters to Carl Nägeli during the years 1866-1873. Nägeli was Professor of Botany at Munich and one of the foremost botanists and hybridizers of his time (Dunn 1965, p. 16 (Mendel, p. 41) . "This feature is of particular importance to the evolutionary history of plants because constant hybrids attain the status of new species" (Mendel, p. 41) . In his first letter to Nägeli, Mendel (p. 58-59) questioned that Gärtner's hybrids from Geum urbanum + rivale produced "non-variable progeny as long as they remained self-pollinated." In his tenth and last letter to Nägeli, Mendel (p. 98) finally reveals that "The name following the hybridization symbol + refers in all cases to that species from which the pollen was taken." Unfortunately in Mendel's time, the work of other plant breeders mentioned in his papers were not required to be fully cited so that anyone might be able to check the accuracy of statements made or have access to the entire contents of cited work. So, it is a little known fact that "Gärtner described separately nearly all the phenomena that later occurred in the definitions of the so-called Mendelian Laws of Heredity, with the exception of the most important, those providing the theoretical basis for the numerical segregation ratios" (Orel 1984, p.
39).
Nägeli's letters to Mendel have not been found. Translations of Mendel's letters to Nägeli by Piternick LK and Paternick J (1950) can be found on the internet. In Mendel's letters, he reported on hybridization experiments between species or varieties belonging to 26 different genera. Four of these crosses produced segregating hybrids like those of peas; the remainder did not (Dunn 1965, p. 14) . According to Swanson 1957 (p. 520), the cells of Hieracium that produce the gametophyte (embryo sac) are of archesporial origin (diplospory), and the meiotic processes are missing or abortive so that a gametophyte of diploid character is preserved. Occasionally, however, some Hieracium species reproduce by normal fertilization. But, according to Dunn 1965(p. 14) , hybrids between different species of Hieracium are "always apogamous, that is, the parent reproduces vegetatively and the offspring are all alike, as though derived from cuttings, and no sexual process, and hence no segregation, can occur."
Pisum varietal hybrids tend to revert to the parental types over successive generations of self-fertilization, but apogamous Hieracium hybrids breed true generation after generation.
Hybrid speciation is more common in plant genera that can reproduce asexually or when self-fertilization is possible. Hawkweeds (Hieracium), for example, reproduce mainly asexually but occasionally reproduce sexually. This has produced so many highly variable "species" that no 2 taxonomists agree on how many forms exist (Ridley, p. 418) . Even if some of these interspecific hybrids are semifertile, unless they can exploit an ecological niche different from those of the parental species, they usually fail to survive. Thus, true-breeding hybrids by sexual reproduction are uncommon in nature.
Mendel found that interspecific hybrids of Hieracium were not easy to obtain, those that did survive were of low fertility even when fertilized by their own pollen (Orel 1984, p. 66); the hybrids were not uniform, and yet their progeny bred true. Eventually Mendel was able to obtain a few true hybrids of Hieracium that segregated characters in their progeny but in a series even more complicated than those of Phaseolus (Orel 1984, p. 65). Mendel complained that the flowers of Hieracium were very small and he needed a magnifying glass and artificial light to accomplish artificial pollination. In his first letter to Nägeli, Mendel confessed that, despite the great pains he took to insure that only foreign pollen was applied to the stigmas of Hieracium (e.g., Hieracium pilosella with Hieracium pratense, Hieracium praealtum, and 
The Bizarre Oenothera Complex
The evening primrose Oenothera lamarckiana is a beautiful, freely branching plant that can grow more than 5-ft tall. It is a self-fertilizing biennial plant, taking 2 years to produce seeds. In 1900, the Dutch lamarckiana and Oenothera biennis), it was found that the hybrids split into three distinct phenotypes, each of which bred true when self-fertilized. This was the exact opposite of Mendel's results with pea hybrids. deVries thought that each of these "mutations" represented a different "elementary species" (Dunn 1965, p. 59 ). In 1901-1903, he published his theory that new species originate in a single step, in his 3-volume book Die Mutationstheorie as a counterpoint to Darwin's theory that gradual changes occur within a single lineage over many generations as an adaptive response to natural selection (Dunn 1965, p. 60 ). de Vries also thought that all Oenothera mutants were produced by a common mechanism. Both these ideas were later disproved by other geneticists. The origin of de Vries' "mutations" began to be explained in 1917 by Otto Renner, who found that most Oenotheras are complex translocation hybrids (structural heterozygotes) that There are many thousands of ways to arrange 14 chromosome ends in 7 groups of 2. More than 160 different segmental arrangements have already been identified (Herskowitz 1965, p. 235 ).
In 1918, H. J. Muller was the first to discover a balanced lethal system in the fruit fly Drosophila (Mayr 1982, p. 744) . Oenothera muricata is one such species, but its balanced lethal system involves gametic lethals in which pollen containing gene R is sterile, embryo sacs containing gene C are inactive, and only the union of a C male gamete with an R female gamete produces a viable zygote (Swanson 1957, p. 495).
The Evolutionary Role of Interspecific Hybridizations
Closely related species may naturally hybridize occasionally, but as a rule the hybrids are sterile. When partly interfertile with one or both parental species, the hybrids may intercross among themselves or backcross to the parents. Each successive backcross generation becomes more like the recurrent parent.
Very shortly, in terms of geological time, the backcrosses become almost indistinguishable from the recurrent parent, and it is difficult to detect that gene flow has occurred without laboratory tests. Some of the genes from species A have now become incorporated into the gene pool of species B. This process is known as "introgressive hybridization" or simply "introgression" (Anderson 1949). In his 1866 paper, Mendel appears to be describing the process of introgressive hybridization in the formation of new species when he says:
When species A was to be transformed into B, the two were combined by fertilization and the resulting hybrids once more fertilized with pollen from B; from among their various descendants those closest to species B were then chosen and repeatedly fertilized by pollen from B, and so on, until finally a form that was like B and remained constant in its progeny was obtained. Unlike gene mutations, introgression is a mechanism for introducing many genes simultaneously into a species. Many of these blocks of genes (linked in chromosomes) were functionally integrated in the species of their origin (adaptive gene complexes), but some of them might prove harmful, benign, or even beneficial in their new hosts. Some of the backcross products might, in time, become stabilized by selection for favorable recombinants, but the true-breeding introgressive variants that Mendel proposed would today probably be considered varieties or races, not new species.
Viable interspecific hybrids are usually sterile because of chromosome mismatches during meiosis, as occurs in the mule, a hybrid between a female horse and a donkey male. However, if an interspecific hybrid spontaneously doubles its chromosome number (e.g., 2n 4n), it becomes, in a single step, fertile as well as reproductively isolated from its parental species. It is thus, by definition, a new biological species. For example, union of the diploid (2n) gametes of an allotetraploid (amphidiploid) hybrid and the haploid (n) gametes of the diploid parental species produces a triploid (3n) zygote that, if it survives, will be sterile because the unbalanced gametes of triploids contain different numbers of chromosomes that result in genic disharmony.
This process is much more common in plants than in animals. It has been estimated that about half of all angiosperm species in nature and almost all pteridophytes (ferns) are polyploids, usually allopolyploids. Plant breeders have used the chemical colchicine to induce chromosome doubling in hybrids to produce many new allopolyploid species. "Polyploidy is known in certain of the Oenotheras, but where it accompanies structural heterozygosity it has no survival value" (Swanson 1957, p. 498).
Aside from some plant apomicts and allopolyploids, the search for true-breeding interspecific hybrids, beginning with Gärtner and Mendel and ending with the demise of deVries' mutation theory, has proved to be mostly futile.
